Promoter recruitment of the Saccharomyces cerevisiae SAGA histone acetyltransferase complex is required for RNA polymerase II-dependent transcription of several genes. SAGA is targeted to promoters through interactions with sequence-specific DNA binding transcriptional activators and facilitates preinitiationcomplex assembly and transcription. Here, we show that the 19S proteasome regulatory particle (19S RP) alters SAGA to stimulate its interaction with transcriptional activators. The ATPase components of the 19S RP are required for stimulation of SAGA/activator interactions and enhance SAGA recruitment to promoters. Proteasomal ATPases genetically interact with SAGA, and their inhibition reduces global histone H3 acetylation levels and SAGA recruitment to target promoters in vivo. These results indicate that the 19S RP modulates SAGA complex using its ATPase components, thereby facilitating subsequent transcription events at promoters.
reported that two proteasomal ATPases, Rpt4 (Sug2) and Rpt6 (Sug1), function to link histone ubiquitylation and histone methylation, which is an important step in transcriptional initiation and elongation. These data highlight the importance of understanding the biochemical role of a nonproteolytic proteasome regulatory subcomplex in transcription. While the proteasome has been implicated in transcription regulation in vivo, the nonproteolytic role of proteasome at promoters remains poorly understood.
In this paper, we demonstrate that the 19S RP can facilitate SAGA targeting to promoters by transcriptional activators and that there is a functional link between SAGA and the proteasomal ATPases. ., 2002) . However, the function of the proteasome at promoters is poorly understood. We hypothesized that the 19S RP may assist or block transcriptional coactivators using its chaperone activity. We found that the 19S RP could interact with a variety of activation domains in vitro, but the affinity of this interaction was weak (data not shown). In a gel shift assay using Gal4-VP16 activator and the 19S RP, a supershifted band was detected only with a high concentration of the 19S RP (>100 nM) and in the absence of competitor DNA or nucleosomes ( Figure S1B) To investigate the relationship between the proteasome and SAGA targeting, we used a gel shift assay to detect SAGA recruitment ( Figure 1A ). 2.5 nM Gal4-VP16 or Gal4 DNA binding domain (Gal4DBD) was combined with a 183 bp probe containing one Gal4 binding site, and SAGA was subsequently added to the reaction. After 30 min, each sample was directly loaded onto a gel for analysis of SAGA recruitment ( Figure 1A , lanes 2, 6, and 10). In the presence of SAGA and Gal4-VP16, we could detect a SAGA-activator-DNA complex (asterisk, lane 6). However, we could not detect a SAGAGal4DBD-DNA complex in the presence of the Gal4DBD (lane 10) or in the absence of Gal4 derivatives (lane 2), demonstrating that SAGA is targeted to the DNA in an activation-domain-dependent manner.
Results

The 19S Proteasome
Upon addition of the 19S RP, SAGA targeting by DNA bound Gal4-VP16 was increased ( Figure 1A , compare lane 6 to lane 8). This elevated signal was not a result of 19S RP binding since no signal was detected when the 19S RP was added in the absence of SAGA ( Figure  1A, lanes 3, 7, and 11 ). These data suggest that the without (lanes 8-12) purified SAGA complex. Arrows indicate free DNA probe (DNA), Gal4 activator bound to DNA (G4-VP16-DNA, G4-Gcn4-DNA, or G4-G4AD-DNA), and the supershifted band containing both Gal4 activator and SAGA (*). In the absence of SAGA, increasing amounts of the 19S RP failed to produce a defined supershifted band (lanes 8-12). Addition of both SAGA and the 19S RP, however, increased SAGA targeting in a dose-dependent manner (lanes 3-7) compared to SAGA alone (lane 2). Figure 1B, lanes 8-12) . By contrast, SAGA binding to the DNA bound Gal4-VP16 dimer led to a distinct supershifted band (asterisk, lane 2). SAGA binding increased proportionally with increasing amounts of the 19S RP ( Figure 1B, lanes 3-7) . The stimulation of SAGA binding to Gal4-VP16 (targeting efficiency) from this and two repeat experiments is quantitated in Figure 1B (right panel).
To understand the in vivo relevance of the observed activity, we tested the ability of the 19S RP to stimulate SAGA interactions with native yeast activation domains. We tested the Gal4 DNA binding domain fused to either the Gcn4 activation domain ( Figure 1C ) or the Gal4 activation domain ( Figure 1D ). We detected strong targeting stimulation with Gal4-Gcn4 (up to 10-fold) and Gal4-Gal4AD (up to 5-fold). Although the potency of each activation domain differed, the 19S RP stimulated SAGA-activator targeting in each case ( Figures 1C and  1D , left panels).
To verify that SAGA was contained in the indicated supershifted bands, we performed a gel shift assay with a Cy5-labeled DNA probe and assayed for SAGA in the band by Western blot. The Cy5 gel shift was comparable to earlier gel shifts using radiolabeled probe ( Figure 1E 2) . As a positive control, we monitored the coimmunoprecipitation of Ada1 (a SAGA subunit) and found that it was precipitated with anti-HA-Spt7 from each reaction that contained SAGA (lanes 4 and 6) . ⌬gcn5] to lanes 1-4). This finding reinforces the fact that proteasome ATPase function is important for Gcn5 targeting. We also examined the levels of H3 acetylation at the GAL1-GAL10 promoter but found it to be below detectable limits even in the wild-type strain (data not shown). These data were consistent with previously published results (Deckert and Struhl, 2001). Finally, we checked mRNA levels at the GAL1-GAL10 promoter. As shown in Figure S4B , we could observe strong reductions in the sug1-25 mutant, while sug1-3 and sug2-1 were marginally reduced. RNA polymerase II or TBP recruitment to the GAL1-GAL10 promoter was impaired in the sug1-25 mutant, which was consistent with the gene-expression level ( Figure S4C ). These data suggest that SAGA-targeting stimulation by the 19S RP is important for optimal transcription at the GAL1-GAL10 promoter.
As an alternative, to study effects on acetylation, we utilized the ADH1 promoter, which was known to be bound by the proteasome (Ezhkova and Tansey, 2004). ChIP assays followed by qPCR were used to detect Gcn5 binding and H3 acetylation levels in the vicinity of the ADH1 promoter in wild-type and sug1-25 mutant strains ( Figure 6C ). Gcn5 levels were reduced approxi- mately 2-fold upstream of the ADH1 promoter in the sug1-25 mutant when compared to wild-type ( Figure  6C, left panel) . In addition, acetylated H3 was consistently reduced 2-fold in the sug1-25 mutant strain compared to wild-type ( Figure 6C, right panel) . Therefore, proteasome ATPase function is important not only for Gcn5 targeting in vivo but for acetylation as well.
The 19S RP and Gcn5 Are Linked Genetically
Having established a functional link between SAGA targeting and 19S RP ATPase activity, we next wanted to determine if these activities were genetically linked. At 30°C, growth of ⌬gcn5 and sug1-25 single-mutant strains on rich media was comparable to that of the wild-type ( Figure 7A, bottom panel) . In contrast, growth of the sug1-25 gcn5 double-mutant strain was impaired slightly. Growth of this strain was further retarded at 37°C ( Figure 7A, top panel) . Similar phenotypes were observed in the sug2-1 gcn5 deletion strain (data not shown). Since Gcn5 protein shows histone H3 acetylation activity in vivo and in vitro, we checked whether a HAT-defective mutant of Gcn5 is linked genetically with the 19S RP ATPase subunit, Sug1. We utilized the Gcn5 KQL mutant, which does not have any HAT activity in vivo or in vitro (Grant et al., 1999; Wang et al., 1998). We did not observe significant phenotypic differences between wild-type and mutant Gcn5 in the sug1-25 strain background ( Figure S5 ). Because Sas3 is a histone H3 acetyltransferase and shows a pattern of acetylation similar to the histone H3 acetyltransferase activity of Gcn5 (Howe et al., 2001) , we checked synthetic lethality in the sug1-25 ⌬sas3 strains. The sug1-25 ⌬sas3 double mutant grew comparably to ⌬sas3 alone at 30°C or 37°C ( Figure 7B) . From these data, we con-cluded that loss of gcn5 and mutation in sug1 is detrimental to SAGA-targeting activity. In addition, we could observe this synthetic phenotype in the sug1-25 ⌬spt20 strain, indicating that SAGA integrity is important for the genetic linkage between SAGA and proteasome ( Figure 7C ). We also tested for a link between the 19S RP ATPase and Ubp8 ( Figure 7D ). We found that the sug1-25 ⌬ubp8 double mutant grew only slightly more slowly than ⌬ubp8 alone at 30°C or 37°C. These data indicate that genetic interaction between SAGA and the 19S RP ATPase is a result of functions of the SAGA complex independent of deubiquitylation activity of Ubp8 or the HAT activity of Gcn5.
Discussion
Our study has provided evidence that 19S RP ATPase activity has an important function in targeting the SAGA histone-acetyltransferase complex to promoters. Several pieces of data above argue that the 19S RP acts on the SAGA complex, as opposed to other targets, to enhance its affinity for transcription activation domains. Since we observed that the biochemical properties of the SAGA complex could be changed by the 19S RP, it seems reasonable that the 19S RP selectively interacts with SAGA. This interaction may induce a con-formational change in the SAGA complex that leads to enhanced targeting. We speculate that one of these changes brought about by the 19S RP is a modulation of the physical interaction between SAGA and activator domains. Perhaps the 19S RP is able to physically "remodel" the SAGA complex, or it may activate SAGA by changing its composition.
Overall, our data suggest a model whereby the 19S regulatory particle provides spatial and temporal regulation of transcription by controlling the chromatinmodifying complex SAGA. Both in vivo and in vitro data indicate that the 19S RP enhances SAGA targeting to promoters. Since ATP hydrolysis is required for this activity ( Figure 1G 
Yeast Strains and Analysis
S. cerevisiae strains used in this study are listed in Table S1 . Sc507, Sc657, Sc660, and Sc671 were used for ChIP (Gonzalez et al.,  2002) . GCN5, SAS3, SPT20, and UBP8 were deleted in Sc507 and Sc660 using a PCR-based gene-replacement strategy. Gel shift assays using Cy5-labeled DNA template were performed as described above, except 38 nM Gal4-VP16 and 2 nM DNA probe were added. DNA template was generated by PCR as described using Cy5-conjugated probe (purchased from Integrated DNA Technologies). 
Gel Shift Assays
Supplemental Data
